A polarized neutron beam travels through a precession coil with ®eld B and the intensity in a detector behind the analyser is recorded as a function of B. Fourier transformation of the intensity signal gives the wavelength spectrum of the beam entering the detector. Any (diffraction) experiment can be set up in the optical pathway between the analyser and detector. This technique is applied in an array of high-resolution diffraction experiments along the path of the neutron beam through a bent Al strip. The detector intensities are measured only over a small range of B away from B 0. The phase shift between the intensity signals from compressed/extended regions, relative to the signal from a reference region in the strip, reveals the deformation of the Al lattice.
Introduction
Fabrication-induced residual stress can be a factor that limits or improves the performance of materials. Stress becomes apparent as a strain in the crystal lattice and therefore may be detected in a diffraction experiment. The effects observed in diffraction include line broadening and shift of lines with respect to their`unstressed' position. In many cases it appears dif®cult to obtain samples free of stress.
The good transmittance of many common materials for neutrons allows one to probe the strain distribution inside a sample with dimensions up to cm by means of neutron diffraction. Therefore, in recent years a number of articles and reviews on neutron diffraction for strain analysis have been published. Some of them, apart from giving experimental details, concentrate on the relation between elastic strain distributions and the corresponding stress distributions, e.g. Krawtiz et al. (1996) and Hutchings (1994) , or on the analysis of line broadening, e.g. Todd et al. (1995) .
Instruments dedicated to such work have been installed in the last 10 years at many major neutron sources. Most of these instruments are designed according to`classical' principles to be used at steadystate sources (Ceretti et al., 1995; Brand, 1996) , at steady-state sources with time-of-¯ight (Priesmeyer & Schro È der, (1990) or at pulsed sources, e.g. Bourke et al. (1995) . On the other hand, Mikula et al. (1993) developed focusing techniques in real and momentum space and Balagurov (1994) developed an instrument based on Fourier techniques. This paper belongs to the last category. It reports the measurement of a Bragg line shift using the technique of Larmor precession spectroscopy, as outlined in Kraan et al. (1989) and more recently in Kraan et al. (1997) . The purpose of the experiment reported is to map the strain distribution inside the sample volume transmitted by the neutron beam. This is done by applying the technique simultaneously to a row of 32 detectors aimed at successive volume elements along the path of the neutrons through the sample. The bene®t of this technique is based upon the fact that monochromatization of the incident beam is not required and that the Bragg line shift is measured as a phase shift between detector signals from a reference volume element and from the actual volume element.
Larmor precession spectroscopy

Principle
The set-up for Larmor precession spectroscopy (see Fig. 1 ) consists of a neutron polarizer and analyser with a precession coil in between. This coil generates a magnetic ®eld B perpendicular to the ®elds in the polarizer and analyser. This assembly is referred to as the`Larmor modulator'. If the neutron beam was monochromatic, the intensity recorded in the detector as a function of B would be I I s 1 À P cosc! path jBlj dl 1 Fig. 1 . The set-up for Larmor precession spectroscopy. The circles containing the vectors P 0 and P 1 are to suggest the precession over the length of the precession coil.
where I s is the average intensity determined by the transmission of the Larmor modulator (it is measured by inserting a depolarizing`shim' between polarizer and analyser), P is the overall polarizing power of the Larmor modulator, c 2% N m N ah 2 4X63 Â 10 14 T À1 m À2 and l is the length of the precession coil. Below, it will be assumed that the ®eld is homogeneous over the length of the precession coil. Then, the line integral in the argument of the cosine in equation (1) is replaced by the product Bl. For a nonmonochromatic beam, (1) is weighted by the spectral density J! of the beam emerging from the Larmor modulator, i.e.
IB I s
The quantity IB À I s equals the cosine Fourier transform of the product J!P! J!. This quantity can be recovered by applying the inverse Fourier transform
[in many applications the spectrum obtained is divided by the incident-beam spectrum, which also includes P!, thus P! will cancel]. The above technique for obtaining neutron spectra can be applied to any experiment installed behind the Larmor modulator. Since the beam has already passed through the analyser, the polarization is no longer relevant for such experiments. This implies that the technique may be equally applicable to magnetic and nonmagnetic samples.
The measurement of IB is routinely performed over a B interval ÀB max Y B max in a set of equidistant points. The set of measuring times devoted to these points is equivalent to the ®lter function in B space. Its Fourier transform is the resolution function for ! in the spectrum obtained. For a block-shaped ®lter function (routinely used) this implies that the ! resolution equals
This means that in any experiment the wavelength resolution attained by geometry is impaired by the contribution of equation (4).
Practicalities
The measurements published previously (Kraan et al., 1989 ) and the present measurements were taken at the instrument`SP' for 3D polarization analysis at the HOR reactor in Delft. Its polarizers are curved multislit mirror systems (Schebetov et al., 1994 ) of a quality such that P! b 0X8 in the relevant wavelength region with a maximum 0.97 for 0X15 nm.
The present precession coil (coil 2) is a block (dimensions 120 Â 120 Â 300 mm) wound with 24 layers of 0.5 mm Al wire. It has a bore over its length for the neutron beam; the beam passes through the Al wires over the front and rear ends of the frame. This gives a 25% loss of neutrons due to absorption and scattering. The coil is surrounded by a precisely ®tting weak iron ux short circuit (thickness 10 mm) which effectively makes its width in®nite and the ®eld approximately homogeneous. The homogeneity is estimated to be better than 10 À3 over a beam cross section 25(H) Â 50(V) mm. Table 1 compares the present precession coil with that used previously. For proper operation, one needs devices which separate abruptly the vertical magnetic ®elds around the polarizer and analyser from the horizontal ®eld in the precession coil. By mounting it inside the sample box of the instrument SP, the adiabatic polarization turners of SP (Kraan et al., 1991 ) act as such devices.
As an example, we will consider the experiment discussed in the next section. Fig. 2 (a) contains the sum Table 1 . Parameters of the precession coil used in this study
Coil 2 (Fig. 3) 0.31 210 100 1.0 Kraan et al. (1989) 0.13 60 12 9.0 of the detector intensities measured as a function of the ®eld in coil 2, in the diffraction geometry shown schematically in Fig. 3 (dotted outline). The spectrum obtained after Fourier transformation according to equation (3) is plotted in Fig. 2(b) . Because of the limited B range (corresponding to eight revolutions at the main wavelength in the spectrum), the ! resolution is poor, in accordance with equation (4). A resolution ten times as good as readily attainable. Nevertheless, it is seen that mainly one monochromatic intensity [due to the (200) re¯ection] contributes to the diffracted intensity. This is attributed to texture in this sample.
3. Measuring the shift of a diffraction line
Measurement principle
We will consider the diffracted line of Miller indices hkl from a polycrystalline sample. Let its spectrum in ! space be described for simplicity as a Gaussian centred around ! 0
with FWHM ! = 22 log 2 1a2 ' ! (FWHM = full width at half-maximum). In B space this will appear as
This is a damped cosine signal; its damping is characterized by the FWHM cBl of the envelope of the cosine:
FWHM cBl = 22 log 2 1a2 a' ! . Combining equations (5) and (6) gives FWHM cBl 8 log 2aFWHM ! X A shift in lattice spacing d hkl will produce a shift in wavelength of the beam diffracted into the detector and hence in the argument c! 0 Bl of the cosine in equation (6). If B is set at a value B 0 such that c! 0 B 0 l 9 100 Â 2%, a wavelength shift Á!a! 10 À3 will give a phase shift 0.1 Â 2%. A phase shift down to 9 0X1 rad is observable if the signals IB for the unshifted and shifted wavelength are recorded around B 0 over an interval of a few revolutions. Obviously, the ®eld value B 0 must be chosen such that the damped signal IB has a statistically relevant amplitude at B B 0 .
The above procedure reduces the measuring time considerably with respect to the time needed for a complete scan with ÀB 0`B`B0 , at the cost of a precise determination of ! 0 . However, a shift in ! is measured to a relative precision down to 10 À4 .
Experimental
As a sample we took a length of 230 mm cut from a strip of Al ST51 of 10 Â 80 mm cross section. It was put under stress by bending in a special clamp. The radius of bending was such that the (elastic) deformation of the material ranged from zero in the centre to AE2X8 Â 10 À3 at the extended (compressed) face. The strip was positioned in the neutron beam under an angle of 45 as shown in Fig. 3 . The incident beam on the Al sample (lower beam) was collimated to 2(H) Â 50(V) mm; its intensity was 75 Â 10 3 s À1 and its divergence 6 mrad. The diffracted beam was registered in a multidetector of 32 3 He tubes (diameter 12 mm, pressure 1.01 MPa) placed at the end of an assembly consisting of a front slit of 2 mm and a ®xed¯ight path of 2000 mm. The Bragg angle ranged from 42.5 to 47.5 . The Larmor modulator was equipped with coil 2, operated at B 171 Â 10 À4 T (i.e. 9 80 revolutions away from B 0) and with an additional coil C H powered from a different source. Its ®eld B c H was scanned around zero over approximately ®ve revolutions.
Two scans were made (taking 18 h each), referred to as (1) and (2).
(1) The front slit is 12 mm from the extended face of the sample (dotted outline in Fig. 3 ): all detectors`see' nearly coinciding volume elements (dimensions 2 Â 2 Â 50 mm) over less than 4.5 mm of the neutron path lengths in the centre of the sample. In practive, this means that they`see' the same central reference volume element.
(2) The front slit is moved 65 mm backwards (full outline in Fig. 3 ): the detectors`see' overlapping volume elements over 20 mm along the neutron path. In practice, this means that each detector sees its`own' volume element.
The purpose of making a strain map along the volume swept by the neutron beam is to observe the deformation of these latter volume elements with respect to the reference element through the phase shifts between the signals in scans (1) and (2).
To detect this phase shift, the signals I 1 B c H and I 2 B c H of each detector must be ®tted, according to equation (1), as
with the assumption 9 1 9 2 0 for B c H 0. Such a ®t gives a result for the`frequencies F 1 and F 2 corresponding to the wavelength shift between the signals. Prior to the ®tting procedure, the measurements I i B c H had to be corrected for instability of the ®eld in coil 2. Therefore, the beam transmitted through the Larmor modulator was divided into a beam for the A1 diffraction experiment and one for a simultaneous monitoring' experiment: observing one diffraction line from an Fe 3 Si single crystal. Its incident beam only passed through coil 2. One observes a single cosine as a function of the ®eld in coil 2. The intensity of the signal is two orders higher than the intensities in the multidector tubes.
At the start of scan (1), the phase of the Fe 3 Si re¯ection signal had been set halfway along the slope of a cosine (insert of Fig. 3 ) by adjusting the ®eld in coil 2 to 172X9 Â 10 À4 T. By recording the Fe 3 Si intensity during scanning, the (in)stability in the main ®eld was recorded. It is found that the instability was within one half period of the Fe 3 Si signal, i.e. better than 0.5%. Thus, the drift in the precession angle 9 (in coil 2 and in C H together) measured in this way could be uniquely expressed as a corrected B value for coil C H along the horizontal axis of Fig. 4. 
Results
As an example, Fig. 4 gives the observed intensity in detector 9 in scans (1) and (2). By means of the ®t procedure according to equation (7), the phases 9
(1) and 9
(2) were determined. The phase difference Á9 is found to be À 0.65 rad. A compilation of Á9 calculated for all detectors is given in Fig. 5(a) . The scale bar corresponds to the depth (with respect to the compressed face) of the volume element involved. (The absolute position of this bar is uncertain.) The error bars equal to Á9 1X5 Â 10 À4 were determined by performing the ®t procedure over a number of similar, although simulated, data-sets. Fig. 5(b) gives the amplitude of the signals of the detectors obtained from the same ®tting procedure after the normalization
i.e. the amplitude of the signal in scan (2) is normalized to the amplitude in scan (1) in the same detector. This means that the amplitudes of the signals from various volume elements are normalized to the signal from the centre of the Al strip.
Interpretation
Phase shifts
The phase differences plotted in Fig. 5 (a) are translated into the lattice strain in the volume element involved through 9 1 À 9 2 aÈ 9 Fig. 4 . Intensities in detector 9 as a function of the ®eld in coil C H (Fig.  3) in scans (1) and (2) at 80 precessions in coil 2.
(with È the precession angle due to coil 2 and C H together). This quantity is plotted along the right margin of Fig. 5(a) . The zero of this scale is arbitrary because it is not certain whether the reference volume [scan (1)] is located in the centre of the strip thickness. In terms of strain, the error bars amount to Á 2 Â 10 À4 . The full line is a least-squares ®t to the data of a linear dependence of the strain on depth; the dashed line represents the deformation calculated from the bending, with the assumption that it is elastic throughout the thickness of the Al strip. It is concluded that over the part of the thickness for which data are available, the lattice strain, as seen through the (200) re¯ection, is slightly less than expected. This is attributed to plastic deformation.
Reduced amplitudes
The reduced amplitude A Ã according to equation (8) has a maximum of the order 1 in the centre of the sample and decreases towards the compressed and the exptended face (Fig. 5b) . Points near the faces are lacking (as in Fig. 5a ) because no amplitude according to equation (7) could be ®tted. Apparently, the amplitude of the (200) signal near the faces as a function of B at 80 precessions away from B 0 is reduced such that no value can be attributed in a ®t procedure. The reason could be twofold.
(i) The presence of a texture gradient, as a result of the production of the sample, such that near the faces fewer (200) planes have the proper orientation for our geometry than in the centre. As a consequence, the average level of the signal as a function of B will decrease towards the faces.
(ii) The deformation near the faces is plastic (as was con®rmed upon releasing the bending after the experiment). As soon as the material deforms plastically, a great spread in the lattice parameters will arise. This will give a broadening of the peaks, i.e. strong damping in the (200) signal as a function of B [see equation (6)].
To check which situation applies, the backgroundcorrected average level of the detector signals in the scan (2) is plotted in Fig. 5(c) . Over the depth range where A Ã could be determined, this average displays the same behavior. Towards the faces, it shows a (dramatic) dependence on depth. This suggests a texture gradient, which is con®rmed by the fact that in detectors 6 and 7 an outlying value for the parameter F [equation (7)] was found. This means that one observes a completely different diffraction line.
Excluding the presence of a texture gradient, the strain spread can be calculated from the value of A Ã [equation (8)] using the damping of the signal in B space as given in equation (6). From this equation follows
where
the difference between the width of the (200) line in a given volume element and its width in the centre of the sample. According to (10), A Ã 0X5 corresponds to Á 2 ' ! 9 0X48 Â 10 À6 nm 2 ; hence, Á' ! 9 0X7 Â 10 À3 nm. With ! 200 0X3 nm (Fig. 2 ) a strain spread is found, Á' ! a! 200 9 2X5 Â 10 À3 . This is of the same order as expected from the plastic deformation.
Summarizing, indications for both a texture gradient and for plastic deformation are present. Further experiments on an unbent strip would provide more insight.
Conclusion
This work shows a novel method for making a map of the strain distribution along the volume transmitted by a neutron beam through a sample. This is done by simultaneous diffraction experiments in a row of detectors aimed through a collimator at successive volume elements along the path of the neutrons.
Their spectra are obtained by Larmor precession spectroscopy. One uses a white incident beam; hence, the detectors need not have the same Bragg angle. Diffraction lines are observed as damped cosine signals. The precision of ! 0 is determined by the accuracy of the diffraction angle and the maximum precession attainable in the precession coil.
An example is given in which mainly one diffraction line is present. In this case, the measuring time is reduced considerably, since the cosine signal needs to be measured only over a short interval of the precession ®eld. The position of this interval must be chosen such that the amplitude of the damped signal is suf®cient to attribute its phase. From the phase of the signals we show that a strain of the lattice relative to a reference position is measured to a relative precision of 10 À4 . It is shown that the amplitude of the signals allows comparison of the width of the same diffraction line in various positions in a sample to a precision of 10 À3 . The results from an arbitrary sample presented here show that this method can contribute to studies of texture. A similar study would be feasible in Fe up to a thickness of 5±10 mm. The greater neutron scattering power per unit length transmitted would allow a better position resolution than the 2 mm currently realized.
